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ABSTRACT 

The hi^h growth locus ( hg) causes a major increase in weight gain and body size in mice. As a first 
step to maf>based cloning of hg we developed a genetic map of the AgK:ontaming region using internal 
mapping of 403 F-^ from a C57BL/6J-/ig/jg X CAST/EiJ cross. The maximum likelihood position of hg 
was at the chromosome 10 marker DWMil41 (LOD = 24.8) in the F-^ females and 1.5 cM distal to 
D10Mit41 (LOD ^ 9.56) in the F2 males with corresponding LOD 2 support intervals of 3.7 and 5.4 
cM, respectively. The peak LOD scores were significantly higher than the estimated empirical threshold 
LOD values. The localization of A^by interval mapping was supported by a test cross of F;, mice recombi- 
nant between the LOD 2 support interval and the flanking marker. The interval mapping and test-cross 
results indicate that /igis not allelic with candidate genes Igfl or deconn {Den) , a gene that was mapped 
close to hg in this study. The hg inheritance was recessive in females, although we could not reject 
recessive or additive inheritance in males. Possible causes for sex differences in peak LOD scores and 
for the distortion of transmission ratios observed in Fa males are discu.ssed. The genetic map of the hg 
region will facilitate further fine mapping and cloning of hg, and allow searches for a homologous 
quantitative trait locus afTecting growth in humans and domestic animals. 



THE high groivth locu.s {hg) is a major locus that 
increases weight gain and mature body size of 
mice by 30-30% and was originally described as a reces- 
sive gene with nearly complete penetrance {Bradford 
and F.\MUU\ 1984) . There is now evidence that /igcan 
be partially expressed in male heterozygotes ( Medrano 
€t al 1992). The /i^ locus increases the efficiency of 
growth by influencing energy metabolism (Calvert et 
al. 1986) without altering overall body composition 
(CMA'>:R r €t al 1985) . Cloning of the hg Ickus would 
permit functional characterization of hg and enable 
studies of homologous loci in humans and domestic 
animal species. In the latter, this may lead to identifica- 
tion of a quantitative trait locus (QTL) for rapid and 
efficient growth, a trait of significant economic impor- 
tance in the livestock industry. 

Previous genetic analyses (Medrano et al. 1992) es- 
tablished linkages between hgdind insulin-like growth fac- 
tor-! (IgfJ) and Steel {SI) , two loci on mouse chromo- 
some 10. A concurrent physiological study (Medrano 
et al. 1991) determined that the inheritance of hg is 
associated with elevated circulating levels of IGFl, a 
finding that suggested Igfl as a candidate gene for hg. 
To test the hypothesis that hg is allelic with Igfl and as 
a prerequisite for physical cloning of hg, a finer genetic 
map of the /i^ontaining region was needed. 

One approach for improving the rnap resolution of a 
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locus affecting a quantitative trait is by inter^^al mapping 
( Lander and Botstein 1989) in larger crosses between 
genetically distant inbred lines using dense molecular 
genetic maps. This approach has been used to identif^' 
map locadons of QTLs in plants ( Paterson et al. 1988, 
1991; Stuber et al 1992) and in mammals (Jacob et 
al. 1991). 

This stttdy was designed to develop a genetic map 
of the region around Agand to characterize Ag- inheri- 
tance and phenotypic effects using interval mapping in 
a large F2 cross between C57BL/ ^-hghg ( Mus musculus 
domesticus) and CAST/EiJ mice (M. musculus casta- 
neus) . In a search for other potential candidates from 
the homologous region in humans, we developed and 
mapped a genetic marker for the murine deconn {Den) 
gene. A test cross of selected recombinant mice was 
performed to verify the localization of determined 
by internal mapping, and /or to test for allelism be- 
tween /ig-and Igfl and between ftgand Den. 

M\TE1UALS AND METHODS 

Mapping population: A thorough description of the discov- 
er)' of hgis presented in BR.\DFCJRn and Faml'LA ( 1984) . The 
/ig locus has since been introgressed into the C57BL/6J back- 
ground by nine backcrosses to create congenic mice C57BL/ 
6]-hghg. In this experiment, animals from the sixth generation 
of inbreeding C57BL/ 6J-/ig/ig^ mice (HG) were used. To initi- 
ate our mapping cross, eight HG females were crossed to 
two CAST males (C\ST/EiJ line; Jackson Laboratory, Bar 
Harbor, ME) . A total of 62 Fi mice were produced. The F^ 
generation (403 mice) was generated by 42 brother-sister Fj 
matings; there were 13, 14 and 4 K2 litters of the first, second 
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TABLE 1 

Test of allelism between /g/7 and hg: female progeny from a X HG test cross 



Cienotype of female progeny 



GenorypeofK, /^i HC./HG HG/a\ST IIG/HG HG/C^ST 



Cross" 




parents 


-hg": HG/HG 


MG/CAST 


HG/CAST 


HG/HG 


1 






11.0 ± 2,9* 


8.1 ± 1.6* 


8.3 


12.3 




-hg": 


HG/a\ST 




(21) 


(1) 


(1) 


II 








7.1 ± 1.2 








-hg": 


GAsr/cw 




(15) 






III 




HG/CAST 




8.4 - 1.8 


8.1 - 1.1 






-hg": 


CAST/ CAST 




(«) 


(10) 




IV 




HG/C^T 


13.3 ± l.S 






14.1 ± 1.8 




-hg": 


HG/HG 


(3) 






(12) 


V 




HG/HG 


11.2 ± 2.3* 




7.9 ± 1.6* 






-kg": 


HG/CAST 


(17) 




(15) 





Mean of weight gain from 21 to 42 days of age (g) ± SD (number of animals in parentheses). Means of 
progeny from a particular cross (i.e., within a row) marked with * differ significantly {Mest, P< 0.01). HG, 
C51hL/e>J-hghg alleles; CAST, CAST/EiJ alleles; -hg'\ markers defining the hg LOD 2 support intcrx'al 
{D10Mit9, DIOMitW, DlOMiHl, DlOMitll). 

"In each cross, progeny were pooled from several test crossed mice (sec m.atf.riaus and meihods). 



D10Mit4l and honio/ygous for HG alleles at Dm. This female 
produced a total of 35 progeny in four parides. Progeny were 
typed for D10Mit4l and Den. 

Data analyses: Weight gain from 14 to 63 days of age in 
mice was analyzed by least-squares using procedure G1,M of 
S.\S (1985), with a model incorporating an overall mean, 
fixed effects of .sex, litter size, paritv', all two- and three-way 
interactions and a random residual error. Only the main ef- 
fect of sex was found to be significant {P< 0.001 ) . Therefore, 
the inteiA'al mappitig and all other analyses were done, on 
unadjusted data, separately for each sex. Although we could 
have made statistical adjtistment for the effect of sex and 
pooled the female and male data sets, analyses separated by 
sex were more conservative and revealed new information 
that could have been hidden in pooled data. For example, 
interval analysis showed that the mode of inheritance of hg 
and the magnitude of peak LOD scores differed between the 



sexes, and transmission disU)ruon of chromosome /O markers 
was uncovered in F^- males. 

Linkage analyses were performed on PC using MAP- 
MAKER /EXP 3.0 software (Lajsdlr et al. 1987; Lincoln ct 
al. 1992a) . The map position of was determined by interval 
mapping (Lender and Botstf.in 1989) using MAPMAKER/ 
QTL 1.1 software { Pater.son el al. 1988; LINCOLN al al. 
1992b), To correct for nonnormality of the distribution of 
the weight gain variable, we used a logarithmic transformation 
uf weight gain from 14 to 63 days of age in the MAPMAKER/ 
QTL analy.sis. The inheritance of /i^was examined by com- 
parisons of the peak LOD scores obtained by unconstrained, 
recessive {d - -a), additive {d ^ 0) and dominant [d = a) 
¥2 trait models. Detailed explanations of F;; trait models can 
be fotmd in Lincoln et at (1992b) and Patkr.son et al. 
( 1991 ) . If the peak LOD scores computed under the reces- 
sive, additive and dominant models deviated from the uncon- 



TABLE 2 

Test of allelism between Igfl and hg: male progeny from a Fj X HG test cross 



Genotype of male progeny 



Genotype of F^ Igfl: HG/HG HG/CAST HG/HG HG/CAST 

Cross" parents -kg": HG/HG HG/CAST HG/CAST HG/HG 



I 




HG/CAST 


18.0 ± 2.8* 


13.3 ± 2.6* 


12.3 


18.3 




-kg": 


HG/CAST 


(20) 


(22) 


(1) 


(1) 


n 




CAST/ CAST 




12.4 ± 1.9 








-kg": 


CAST/CAST 




(17) 






III 




HG/CAST 




12.9 ± 2..T 


11.6 * 2.8 






-kg": 


C^\ST/CAST 




(20) 


(22) 




IV 




HG/CAST 


22.6 ± 2.1 






24.3 ± 2.6 




-kg": 


HG/HG 


(4) 






(3) 


\' 




HG/HG 


19.4 ^ 4.0* 




13.4 ± 3.2* 






-hg": 


HG/CAST 


(18) 




(24) 





Mean of weight gain from 21 to 42 days of age (g) t. SD (number of animals in parentheses). Means of 
progeny from a particular cross {i.e., within a row) marked with * differ significandy (Mest, P < 0.01). HG, 
C57BL/6J-A^Ag- alleles; CAST, CAST/EiJ alleles; - hg\ markers defming the hg LOD 2 support interval 
{D10Mit9, DlOMulO, D}0Mil4}, DWMitlZ). 

"In each cross, progeny were pooled from several test crossed F2 mice (see \l^teriai.S and methods). 
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strained model Ijv niuic lIkui ivvu l.OD !>core uniLs, which 
coi responds lo ai least a lOO-fold reducuon in die likelihood 
ratio, die model was not C(jnsldcred as a likelv inheriuince 
tnodcl for hg. Similarly, regions outside the hgLOD 2 support 
intei%al ( i.f., regions that j ielded LOD secures lower liv at least 
two units compared with the IX)D scor<- at the /(^r maxiinuni 
likelihood position) were not considered as regi(Mis likeK to 
contain kg. Sj\S software ( SAS 19)S5) was used lo conijjutc 
frequencies and probabilities of the chi-square \alues in the 
marker segregation analyses, and to compare means (Mest) 
Innween genolyjjic classes in F^, and test-cross progeny. 

Because die peak LOD scores at the hg maxinuim likeli- 
hood location were lower in males (LOD - 9.56) than Fv 
females (LOD = '^4.H), wo examined whedier the effects 
of hg between die sexes coukl account for the jjeak LOD 
scores dilfeiences. The difTerence between the mean weight 
gam from 14 lo G3 days of age of IIG/HG and CAS'l /CASi 
genotypes at UIOMil-il (marker closest U) the /(^maximum 
likelihood location) were 5.2 g and 4,5 g in Fj females and 
males, respectively. 1 he means of the HG/CAST and CAST/ 
VA'il genotN^ies ditTered by 0.8 g and 1.5 g in females 
and males, respectively. On the basis of these differences, we 
adjusted the weight gain from 14 to days of age in the 
male data to tlie magnitude of the effect in V , females, by 
increasing the weiglit gain in Il(i/HG males b\' f).7 g and 
decreasing it in HG/C^ST males hy 0.7 g. The modified 
male data set was then analyzed using MAF'NL\KER/QTL 1.1 
soltwarc package as described above (see DiscL s.S[0\ ) . 

Estimation of empirical LOD score threshold values: F.in[j- 
iricai threshold values were estimated for the Fv females and 
males as described by Ciujrchilx and DtJKRtit. (1994). The 
original set of trail values (logarithm of weight gain from 14 
to 63 days of age) was randomly pcrnnitcd (shuffled) to 
generate 1000 shufiled data sets. A shuffled data set was gener- 
ated hy indexing the original set of trait values, Lissigning a 
random number to this trait-index, and sordng tlic traits by 
raniiom niuiibcrs. This procedure was repeated lUOO times. 
Tlie shuffled data sets along with the original ( un.shuff]cd ) 
set were then analyzed by MAPMjVKER/ QTL software version 
0.9 for VAX/\'^1S. The experimeniwise critical value was o\y 
mined by ordering the maximum LOD .scoi es from each of 
the 1000 analyses of shuffled data sets and locating their 950th 
( 1 - « = 0.95) and 990tfi ( 1 - « = 0.99) value. The programs 
for shuffling and other manipulation ot' data were made using 
S/\S software ( 1985). 



RKSLTTS 

Interval mapping of the hg locus: A genetic map of 
the /i^>K:ontaining region in the IIG X CAST iiuercross 
is displayed in Figure 2. The hg locus was localized by 
intei^'-al mapping using genetic markers from the distal 
half of the mouse chi omosome 10, and the trait, loga- 
rithm of weight gain from 14 to 6,^ days of age. The 
maximum likelihood position of hg in the F^, females 
was at l)10Mit4l (Figure 2A. LOD - 24.81 ) and in the 

males 1.5 cM distal to D10Mil41 (Figure 2B, LOD - 
9.56). Tliis location accounted for 41.5 and 22.2% of 
the F,- variance in females and males, respectively. 
The LOD 2 support intei^val for the /jg- location encom- 
pa.ssed a 5i.7-cM (females) and a 5.4-eM (males) region 
surrounding the corresponding maximum likelihood 
positions. Fhe male and female LOD 2 support inteivals 
overlap in the interval of 2.6 cM from the position 0.6 



cM proximal to I)l()Mit4l to the position 2 cM distal to 
l)l()Mit41. 

LOD score threshold values: I he peak LOD scores 
in our analyses appearetl to he highly significant when 
compared with "typical" threshold values of between 2 
to '^ (for a = 0.05) suggested hy Landkk and Botsi'MN 
(1989). However, these threshold values may nor lie 
appropriate ft>r use in our study, because our experi- 
mental conditions were different from die conditions 
assumed in L\.\Dt,K and Boistkin's study. Our QTL 
analysis was based on the markers defining a single 
linkage group of ~30 c.Vl ratlier than on Jiiarkeis cov- 
ering the whole genome. Also, in the males, segregation 
distortion was encountered. Differences in tlu'se and 
other experimental conditions may require different 
dneshold LOD valties for detecting significant QTL ef- 
fects (Chl'RCHILI. and D()KRc;k 1994) . We hence deter- 
mined the empirical threshold values that applied to 
characteristics of our experiment (see ma tE' klm.s and 
Mi;mc)i),s). TIk" empirical experimentwise tiireshold 
LOD scores for (he signifit anct^ le\'el of or = 0.05 wen; 
1.95 and 1.97 in F^ females and males, respectively, and 
for ttie significance level of a = 0.01 were 2.7 and 2.95 
in F2 females and males, respectively. The observed 
peak LOD scoies were much larger than the estimated 
empirical thicshold LOD scores indicating a significant 
effect (if hg. 

Inheritance and phenotypic effects of hg: 1 o investi- 
gate the mode of inheritance of hg, LOD scores com- 
puted by the unconstrained Fj trait model were com- 
j)ared to LOD scores obtained by constrained models 
.such as pure recessive, piu'e dominant, and pure addi- 
tive ( Figure 2) . If the likelihocxl of a constrained model 
showed a deviation of 2 LOD units or more from uncon- 
strained model likelihoods, then we considered that 
type of gene action unlikely. We could not reject leccs- 
sive inheritance for females and additive or recessive 
inheritance for males. The mode of inheritance and 
phenotypic effects of hg in this cross is also obsei-ved 
comparing the mean weight gains of the three F.> geno- 
Lypic classes at the marker l)l()Mit41 (Figure 3). HG/ 
HG F^- females and males were significantly larger ( 
test, P< 0.01 ) than HG/C:ASTand (;^ST/ CAS T mice. 
HG/Cv\S'f F.. males were also significandy larger than 
CAST/GAST males, but this was not the case with fe- 
males. These results conhrm the analysis of /ijc^Mnliei i- 
tance by iniCMAal mapping indicating a recessive mode 
of action iti Fv females and a partially recessive mode 
in Fv males. 

Close linkage of hg and Den: Many lo( i f rom the 
distal half of mouse chronio.some /('^belong to a block 
of homologous genes on human chromosome 12 qH- 
q24 ( Goi'Ki.wi) et al. 1993: O'Brikn el al 1993 ) . I Icnce, 
a human homolog t)f hg is cx}jected to reside in that 
region. We noted that the human tlecorin ( DGN ) gene, 
a ubic^uitous interstitial proteoglycan shown to be in- 
volved in cell proliferation and extracellular matrix as- 
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P~I(;lk£ 2, — Intcival mapping of the high growth Ujcus (hg) using the logaritlini of weight gain from 14 to G3 days of age (A, 
based on F., female data; B, based on F^; male data), QTL maximum likelihood plots for the four F^ inheritance iTiodels 
( Luiconsirained, reces.sive, additive, dominant) are displayed. The brackei indicates the LOD 2.0 support interval for the maxi- 
nuim likelihtiod location of hg. 



stfinbly control (Ruosiahti and Yamagl:(:iii 1991), 
maps to human chromosonie 12q23 {D.\NlEl^ON et al. 
1993) or 12q2l.3. (Vetter et al. 1993). Theietoie. we 
examined whether the murine i)c7i gene maps to the 
distal half of mouse chromosome 10 and if so, how 
close to the /i^loeus. We developed a PCR-bascd marker 
for the tn urine Den gene { Figure I ) , and mapped it 3 
cM distal to D10Mit41 (Figure 2) . In relation to hg, the 
Dm gene maps within the hgl.OD 2 support interval 
in males and falls 1.2 cM beyond the distal border of 
tlie hg\.OV> 2 support interval in females. The A^loeus, 
tlierefore, appears to be closely linked to the murine 
Dm getie. 

Test crosses to verify the localization of hg obtained 
by interval mapping and test for allelism between /tgand 
IgP and between hg and Den: Our mapping analysis 
(Figure 2) positioned the Igfl locus ~3 cM proximal 
to the boundary' of the hgLOD 2 support interval. LOD 
scores for hg jii IgJ'l were 8 units (females) or 3.3 units 
(males) lower (ban the maxiimmi likelihood LOD 
scores. These results suggest that kg dnd Igfl are not 
allelic. To provide further support for this hypothesis 
and to verify if hg is located distal to Igfl as implied 
from intenal mapping, F;; mice, recombinant and non- 
recombinant between the Igfl locus and the hgLOT) 2 
support inter\'al, were crossed with HG mice. The prog- 



eny of nom ecombinant F^ mice that were heterozygous 
for both Igfl and hg l.OD 2 support inter\al (cross I, 
Tables 1 and 2) segregated Iwo significantly diflerenl 
weight gain phenotypes between mice carrying HG al- 
leles at fgfl and hghOD 2 support interval and hetero- 
zygotes. The progeny of F> mice that were heterozygous 
for the hgLOD 2 support inter^al but were homozygous 
for HG alleles at Igfl (cross V, Tables 1 and 2) also 
showed a similar segregation, in that progeny homozy- 
gous for HG alleles within the hgl.OD 2 support interval 
were significantly larger compared to littermates het- 
erozygous for the hg LOI) 2 support interval. In con- 
trast, progeny of F., mice heterozygous at Igfl but homo- 
zygous withii\ the hgLOD 2 support interval for CVST 
alleles (cross III, Tables 1 and 2) or HG alleles (crcjss 
IV, Tables 1 and 2 ) ciid not exhibit segregation and tlie 
means for weight gain from 21 to 42 days of age of 
heterozygous and homozygous progeny for HG alleles 
at Igfl did not differ significantly. These results support 
the implicatioti from interval mapping that hg And Igfl 
are not allelic, and that hg is located distally to Igfl. 

To verif)' the location in relation to the distal bor- 
der of the hg LOD 2 support intcn-al, and/ or lo test 
ft)i allelism between hg and Den, a test cross of an F^ 
female heterozygous at Igfl. D10Mii9, DWAUtlO, 
D10Mit41 and homozygous for H(i alleles at Dai was 
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,1 :;. — l)is(iil>ti;u)n (tr 11 1 1 tube I (li i)l)si-iA;ui<>ns t>\ L;riU)i\|H( t liis^t-s ;ii ilu' Dlf'Mit f ! lot us foi tlu- wcii^ln fiotn 11 to 

iLivs ol Li.m- in V. IciiKilts (A) ,m<l V. inaicN ( li ) : IKi. CAST iiidit.ilr itllrlcs from ( :.'»71U. ' l">|-/(^'//<,'. CAST ' Ki] paifnls. 
I fs|>r( nv<-[\ , Thf ihiiiiIh-is in |>;u rnlhrsrs iiulit.iU- ilu- iiK-.nis SI) and .i miinhcr ol in<li\idiinls ( ) ol' ;i partit uliH' jffiioivpir 
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overall nuMii 
res[>e(.ii\el\ . 



SI) oi the V, population was 12.1 1 :>.i7 { ii ■ 2 1 :M and Hi. 2 :V 17 ( /; ^ !'.)!)) ni lentales and males. 



]H'i loniRd. [I h<!;\\vrc an ailrlr oi Dm, all the protein 
would t)t' cxpt'Cli-d to liavf a high-gnnvlli phcnotvpc. 
( loincisi'h , \i h<rU)i ;iV\/vd wlihin thr //[,MX)I) 2 siippoi l 
intctYal, pi-oL^t'in would Ix.' scgi CLjtitiiig I'oi hi:^. Tlif 
inran SI) foi wi-ii^hi gain IVom 21 lo 12 da\s oT a,m' 
ot'tlu' jjro^rnv hoiiuvAi^oiis for lU. allek's at DlOMit-f! 
ati<l l)( ft was 12,1 r 1.7 ^ loi females { n = 7) and 20.',) 
- ;i,t) j^r nialt's {n - 12). 'riu'sc weight gains were 
signilicaiitlv ingiu-r (/-lest, I' < 0.0,')) than the weight 



gains ol' ihcir sistcis ( 10. S ± 1.4 g, = 10) or their 
hrotiirrs ( IT)." T 2.0 g. n = (>) wiio were heieio/vgoiis 
al DlO.Mit f/ hut honio/ygoiis for H(i alleles at Ihu. 
.suggesting a segicgalion lor hi^. Theivlore, the /;<;loevis 
is not allelie witti Dm and r('si<ie,s proxinially to ilie 
nuM ine Dm gene as implied fiom the jjeak l.OI) scores 
I'rom hiteiTal anahsis. 

Scgregalion of markers: l o lest if tiie segregation of 
uiarkeis wa.s eonsi.stent with the expec ted Mendelian 
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TABLE 3 

Genotype frequencies and chi-squarc probabilities of allelic and genotypic segregation in the HG X CAST intercross 



I74:i 



females (>i - 213) 



h\ males { v = 190) 



ticrmiypf frequencies (%) 



Ghi-squarc 
probabilities" 



Genot)pe frequencies {%) 



Chi-squaic 
probabilities' 



L{jeus 


HG/HG 


llG/CJiST 


c;\sT/CAsr 


Cien(.)tyf)es 


Alleles 


HG/HG 


H(i/(.A.ST 


C AS I / CAST 


Genotypes 


.Vllcle 


DlOMttn 


2:1.8 




19.3 


0.11 


0.17 


28.4 


53.7 


] 7.9 


0.07 


0.04 


DH)Mit42 


27.2 


52.6 


2U.2 


0.27 


0.15 


27.9 


57.3 


14.8 


0.01 


0.01 




26.7 


50.2 


21.1 


0.42 


0.24 


27.4 


57.3 


15.3 


0.01 


0.02 


l)I0Mit9 


2S.2 


.50.2 


21.6 


0.40 


0.18 


26.3 


57.9 


15.8 


0.01 


0.04 


DlOMillO 


28. 6 


50.7 


20.7 


0.25 


0.10 


2(i.3 


57.4 


16.3 


0.02 


0.05 


DlOMitil 


28.6 


50.7 


20.7 


0.25 


0.10 


26.8 


55.3 


17.9 


0.07 


0.08 


DJOMitJl 


27.7 


49.3 


23.0 


0.61 


0.33 


27.4 


55.3 


17.3 


0.05 


0.05 


DlOSds2 


27.2 


51.2 


21.6 


0.48 


0.24 


26.8 


56.3 


16.9 


0.03 


0.05 


I)I0MU}4 


28.2 


47.9 


23.9 


0.56 


0.38 


30.5 


51.1 


18.4 


0.06 


0.02 



" Exijec ted Mendeliaii ratios: j^enotyijcs 1:2:1, alleles 1:1. 



tiilius uf 1:2:1 for gciiolypic frequoiicifs and 1:1 for 
allele frequencies, a chi-square analysis was peifornied 
for 213 F., females and 190 F^ niale.s. In the males, sig- 
nificant devnations 0.05) from the expected geno- 
typic and allele frequencies were obsei-ved for most 
markers (Table 3). The main contributing factor to 
distortion of transmission ratios in Fv rnales appears to 
he an underrepresentalion of homozygotes for the 
CAST alleles at chromosome Z^* mar kers analyzed here. 
In Fj feiTiales, however, no significant deviaiif)ns from 
expected genotype and allele segregation ratios were 
obsen'ed. VVc noted, though, that a proportion of 
CAST/GA5T homozygotes in F-, females also tended io 
be lower, although not as pronounced as in F^. males, 

DISCUSSION 

Interval mapping of hg and test crossing: We devel- 
oped a genetic map of a region containing kghy inter- 
val mapping analysis in a large HG X (lAJST cross. 
The m;iximuin likelihood position of hg was at 
D}0Mii4l (LOD = 24.8) in F., females and 15 cM dis- 
tally from that locus in F^ males (LOD = 9.56) with 
the surrounding 3.7-cM (females) and o.'^M (males) 
LOD 2 support inten^il. Tlie interval mapping thus 
yielded similar niaximiun likelihood posltiotis bcrv\'een 
sexes with highly significant LOD scores, and nariow 
LOD 2 support intervals. Inheritance cif /i^r was essen- 
tially recessive in P., females. In males, however, re- 
sults demonstrate partial recessivene.ss of /i/^ suggesting 
some expression of hg in male heterozygotes and con- 
firming our observations from previous cro.sses (Mk- 
tiK.\N<> et at 1992) . 

The genetic iTiapping of % obtained in the present 
studv is supported by previous linkage studies ( Mk^ 
DRANO ft ai. 1992) that suggested a put^ilive location of 
/i/,'- between two loci on mouse chromo.sonie 10, Igf I 
and Steel. This region of the mouse chrouu>.s()me /Ohas 
also been reported to contain QTL(s) that increase 



growth in a population of Quackenbush-Swiss (QS) 
mite (C(}i-i.i\.s el ai 1993). Strong associations were 
found between l)10MU12 and D10MU14 genotypes and 
increa.sed 42-day body weight. It would be of interest 
to determine whether the enhancing effect on growth 
observed in hg Awd QS mice is controlled by an allele (s) 
at the hg locus or different linked loci. 

The results t>f the test-cross experiment provided fiir* 
ther support foi the localization of hghy inteival map- 
ping, and also suggested that hg is not allelic with Igjl 
and Den. The Igf I gene was considered a possible candi- 
date for hg because of genetic linkage ( Mkdr.v<o el 
at 1992) and because elevated levels of IGFl plasma 
protein were detected in high growth mice (Medrano 
H ai 1991 ). However, in die present interval mapping 
analysis, the Igjl locus was localized —3 cM outside the 
proximal border of the hg LOD 2 support interval. A 
test cross of Fj mice l ecombinant bet^veerl the IgJl locus 
and the hg LOD 2 support tnteival revealed that the 
test-cross pi ogeny homozygous for HG alleles within the 
/i^ LOD 2 support interval expressed the high-growth 
phenotype regardless of their allelic composition at the 
Igl I locus, whereas dte test-cross prtigeny homozygous 
for the HG alleles at Igj } but heterozygous for the hg 
LOD 2 support inter\'al did not express the high-growth 
phenotype. These results demonstrate that IgJl and hg 
are two separate loci antl that hg\s tocateti dislally from 
the Igj I locus, as suggested by the peak of the LOD- 
QTL curve and its LOD 2 support interval, fire localiza- 
ticjn of hg to the hg LOD 2 suppoi t interval was also 
conHrmed in a test cross of an F;, female recombinant 
between the Dm and markers in the iiglXJVy 2 support 
inleival. The progeny that were homozygous lor HG 
alleles w^ichin the hg LOD 2 sttpport internal aiul Di.n 
expressed the high-growth phenotype while their lit- 
termates that were heterozvgous for hgLOD 2 support 
inierval and homozygous for fl(i alleles at y>^r;i did not 
express the high-growth phenotype. This result suggests 
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that hg h located proximally to Den. The combination 
oi the /ig^inlenal map and the test-cross results provide 
genetic evident e that hgh not an allele of Igfl or Den, 
and that the genomic segment between D10Mit9 and 
Den is likely to contain the /i^ locus. 

The high-growth niice appeared in a slock subjected 
to selection for rapid postweaning growth (Br.\dfokd 
and Faml la 1984) . Because the high-growth mice ap- 
peared in a single litter in one of the two closely related 
sublines, it was suggested that the origin of /ig-was most 
likely a spontaneous mutation in a single gene. The 
authors also noted that could be a preexisting allele 
whose effects could be uncovered in a background of 
positive growth QTLs generated by selection. .Another 
possible explanation for the origin of hg could be that 
recombination produced a desirable combination of 
two (or more) closely linked alleles that would behave 
genetically as a single /(^ locus. (>ommon to these expla- 
nations is the assumption that hg resides in a single 
locus. This assumption is supported by the present study 
in that interval mapping revealed the A^r location with 
A dehncd peak of a QTL cuivc and narrow hg LOD 2 
support interval. Furthermore, the positioning of /ig"in 
the LOD 2 support interval was verified by a test-cros.s 
experiment. However, because the interval mapping 
method can not resolve closely linked QTLs, we cannot 
eliminate the possibility that the /ig- effect is controlled 
by two (or more) alleles, linked within the LOD 2 
support interval. Future fine resolution Agmapping and 
cloning should reveal whether /ig is a single allele or a 
cluster of linked alleles. 

Threshold LOD scores and sex differences in the hg 
peak LOD scores: The estimated empirical threshold 
LOD score values were essentially the same in the F^ 
females and males and similar to threshold values typi- 
cally used to declare a significance of a QTL effect 
(Ijvnder and Hots-i ein 1989). This suggests that the 
specific features of our experiment {e.g., only a single 
linkage group used and transmission distortion present 
in the males) , did not markedly influence the threshold 
LOD values. The 1000 shuffled data-sets used to esti- 
mate the empirical threshold LOD values in this study 
will be utilized in our future QTL analyses of this cross 
to determine threshold LOD values for growth QTLs 
located elsewhere on the genome. Such empirical 
threshold LOD estimations will be particularly useful 
in assessing the significance of effects of Ql Ls with 
small effects. 

A large difference in the LOD scores at the m^iximum 
likelihood posifion of hg was detected between the 
sexes (24.8 and 9.56 LOD units in females and males, 
respectively) . Some possible causes for this may be dif- 
ferences in the allelic and dominance effect of kg And/ 
or differences in epislatic effects of growth QTLs be- 
tween tlie sexes, differences in the immber of growth 
QTLs between the sexes and differences in the genetic 
composition of the X chrt>mosome ( s) between our F2 



females and males which may have generated differ- 
ences in the effects of assumed X-linked growth QTLs. 
These factors may have decreased the overall impor- 
tance of the effect of hgow the total genetic or pheno- 
typic variation of Fg males, which in turn could be re- 
sponsible for the observed lower LOD scores in F-2 
males. 

Sexual dimorphism in the allelic and epistatic effectii 
has been demonstrated for bristle genetic factors in 
Drosophila (Lo.Nt. et at. 1995) . In our cross, the stan- 
dardi7xd allelic effect, '/.:{[ Xig/ug ^^ast/casi ] / 
SDpa^.,, 9 [, at DWMit4I was 0.82 in F^ females and 0.65 
in F2 males suggesting a slighdy lower effect of kg in 
males. Also, the analysis of different inheritance 
models in interval mapping and the comparison 
of standardized dominance effects, I[Xhg/cast ~ 
)]/SDp2rf„,2}, at DlOMiMl 
( -0.57 and —0.22 in F^ females and F^ males, respec- 
tively) indicate sex differences in the dominance effect 
of hg. We thus exanuned how the peak LOD score in 
F.J males would change if we made the effect of 
DlOMiMl in F^ males similar to F2 females (see mater[- 
AL.S AND methods) . The MAPMAKER/QTL analysis of 
tlie modified F>^ male data set yielded a peak LOD score 
of 14.4 units, This increase of 4.8 LOD units in compari- 
son with the peak LOD score (LOD = 9.56) of the 
original F^ male data set accounts for 31.7% of the 
difference in peak LODs between the sexes. Therefore, 
differences in sex-specific effects of hg alone cannot 
account for the observed differences in LOD scores 
between the sexes. However, there may have been sex 
differences in epistasis and /or allelic and dominance 
effects of growth QTLs located elsewhere on the ge- 
nome or differences in the number of growth QTLs 
between the sexes. If such differences produced larger 
effects in the males, this could have increased the ge- 
netic "noise" and contributed in lowering the hg peak 
LOD score in F2 males. 

Our F.J females and F2 males differed in genetic com- 
position of sex chromosomes. An F2 female from the 
intercross of an HG (grand dam) X CAST (grand sire) 
carried on average 50% HG/HG and 50% HG/C:AST 
loci on chromosome X. In contrast, an Fj male was 
hemizygous on average for 50% HG and 50% CAST 
chromosome X alleles. Recent studies have provided 
e\idence for the existence of growth QTLs on the X 
chromosome in mice (Hastings and Veerkamp 1993; 
Vekrkamp et al. 1993; Range et ai 1994). Because the 
genetic composiUon of the X chromosomes was differ- 
ent between the F^ females and F2 males, X-linked 
growth QTLs could have produced different effects be- 
tween the sexes; this may have contributed to the differ- 
ence in the /ig-peak LOD scores between F2 males and 
F2 females. 

Based on the data set studied here, we cannot differ- 
entiate which of the aforementioned possibilities or 
their combinations were the sources for the difference 



Mapping tht.' high growth Locus 



1745 



in the kg peak LOD scores between the sexes. A ge- 
nume-wide mapping and the analysis of genetic factors 
controlling postweaning gain in females and males of 
this intercross may provide such answers. 

Transmission ratio analysis: Our analysis revealed 
that allelic and genotv'pic u-ansmission ratios of most of 
the chromosome markers were significantly altered 
in Fo males but not in F2 females. Several studies involv- 
ing backcrosses between inbred strains of M. vi. domes- 
Ucus M\d a strain of wild mice M. spretus (Jlsuce et al. 
1990; ROWT. et ai. 1994) or M. m. musculus { Koz^VK el 
al. 1990) have also detected segregation distortion in 
the region of the mouse chromosome 70 studied here, 
but there were no reports on differences in allelic inher- 
itance between sexes. Sex-specific differences in allelic 
inheritance of a region from chromosome 2 were dem- 
onstrated in a study of backcross mice originating from 
across between (C57BL/6j X M. $pretus)V^ X C57BL/ 
6J (SiRACUSA et al. 1991 ) . The authors provided elabo- 
rate discussion on potential sources of distortion in al- 
lelic inheritance and possible explanations for the ob- 
served sex-specific differences. They suggested that 
transmission distortion may be due to differences in 
production or sumval of gametes {e.g., during gameto 
genesis in F] female and F, male parents in our case) , 
differences in fertilization eificiencies and differences 
in the su[^'ival of embryos or neonatal progeny. 

The main factor contributing to the transmission dis- 
tortion in F2 males in our study was underrepresenta- 
tion of F2 males that were homozygous for CAST alleles 
at chromosome 10 loci. The mortality of neonatal 
progeny (between birth and ~10 weeks of age) was 
low in our cross. From a total of 403 mice, 5 pups 
died between birth and 2 weeks of age, while 1 male 
(IIG/HO for the analy/ed chromosome 7r> markers) 
and 1 female died between 3 and 4 weeks of age. There 
fore, the neonatal loss was too small to account for the 
obsened transmission distortion in F;; males. 

It is likely diat transmission distortion in F2 males 
occurred in prenaul stages, during gametogcnesis, fer- 
tilization or embryogenesis. One possible explanation 
would be that homozygosity for CAST alleles at a locus 
(loci), from the analyzed region of chromosome 10 
would have an adverse effect on survival of male em- 
bryos or that male embryos that were heterozygous or 
homozygous for HG alleles at a locus (loci) from the 
analyzed region of chromosome would have selec- 
tive survival advantage. Alternatively, it may be that HG 
X CAST F] female's reproductive environment might 
have been hostile to male embryos homozygous for 
C\ST alleles at a chromosome /f? locus (loci) or might 
have provided selective advantage to male embryos that 
were heterozygous or homozygous for HCi alleles at a 
chromosome 10 locus (loci). If the aforementioned 
effects during embryogenesis were the source of trans- 
mission disi<)rtion, they sho\ild be expected to result in 
a significant ditference in the ratio of neonatal fe- 



males:males [e.g., fewer male mice). However, sex ra- 
tios in our experiment (213 females: 190 males) did not 
differ significantly from a Mendelian segregation ratio 
of 1:1 {P < 0.05). It is then less likely that the loss of 
male embryos carrying C>.AST alleles from the chromo- 
some 70 region analyzed here or selection for embryos 
that were heterozygous or homozygous for HG alleles 
at a locus (loci) of chromosome 10 is the source of 
transmission distortion observed in V\ males. 

.Another explanation for transmission distortion in Fv 
males would be the differences in production, survival 
and /or fertilization efficiency between the F chromo- 
some-bearing sperm cari-ying CAS F alleles at a chromo- 
some 70 locus (loci) and the y chromosome-bearing 
sperm carrying HG alleles at a chromosome 10 locus 
(loci). Either type of sperm may be selected for or 
agamst. Ditlerences in production or sunival of the two 
types of F chromosome-bearing sperm could be tested 
bv genotyping single sperm of an HG X CAST Fi male 
{or chromosome 70 and F-chromosome loci (Schmitt 
H ai 1994). This would allow determining a ratio of 
the two types of F chromosome-bearing sperm and test- 
ing of this ratio for significant deviations from the ex- 
pected 1:1 ratio. If this ratio is not significantly different 
from the expected, one would then test for differences 
in fertilization efficiency of the two types of F chromo- 
some-bearing sperm of an HG X CAST Fj male. The 
test would involve sexing and genotyping for PCR-based 
markers of male preimplantation embryos (Horvat et 
ai. 1993) to analyse for chromosome 70 marker segre- 
gadon. If the male preimplantation embryos carrying 
CAST alleles at a chromosome 70 locus (loci) are un- 
derrcprescnted, this may suggest tliat the difference 
in fertilization ef ficiency between the Y chromosome- 
bearing sperm carrying CAST alleles at a locus (loci) 
from the analyzed region of chromosome 10 and the 
Y chroniosorne-bearing sperm carrying HG alleles at a 
locus (loci) of chromosome 70 may account for the 
obser\'ed transmission distortion in F-, males. 

Improving the resolution of the hg map position in 
the present population: Although we defined a fairly 
small genomic segment containing hg, the resolution 
of the present Ajp- genetic map is not sufficient for the 
application of physical mapping and map-based clon- 
ing, which require subccndMorgan resolution. Some 
increase in the map resoludon of hg may be achieved 
u.sing the mapping population employed in this study. 
Including more markers around hg'ux the interval map>- 
ping analysis may decrease the A^LOD 2 support inter- 
val. We examined this empirically by performing inter- 
val analysis with markers al various levels of density. For 
example, in Fy females, an analysis involving markers 
at --10-cM spacing {DiOMitSJ, Igf I , D10Mtll2, 
DIOMitH) produced a LOD 2 support interval of 12 
cM. The addition of D10Mit42, DlOMit41. DlONds2, 
D10Mit9 And 1) 1 OMit 1 0 rcsyihcd in narrowing the LOD 
2 support interval to 4.2 cM. Furthermore, adding the 
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Dai marker, which was typed only in 17 Fo females re- 
combinant in the interxal D10Mit41 to D10MU12, sLill 
resulted in decreased size of the LOD 2 support interval 
Lo 3.7 cM. Therefore, reanalyzing our data set with addi- 
tional markers closely linked to /i^ may further narrow 
the hg; l.OD 2 support interval and hence potentially 
increase tlie accuracy of hg mapping. However, as the 
number of recombinants becomes limiting, adding 
more markers will not increase the map resolution. 
Darvasi el at. ( 1993) denionsQ ated that even for a QTL 
ol large elfect (similar to hg), in a large backcross popu- 
lation {ji - 1000), and using an infinite number of 
markers, a resolulit>n of the QTL map location needed 
for physical mapping ( — 1 cM) can not be achieved. 
.\Jthough the resolution of the hg map location re- 
sulted in some improvement as we added more mark- 
ers, the study of D/VRVASI et al. (1993) supports our 
suggestion that further inciease in marker density in 
our cross may not appreciably refine the map resolution 
of hg. 

Another way to improve the accinacy of the hg map 
location using the mapping population employed here 
would be to detect other QTLs controlling postweaning 
gain located elsewhere on the genome and include this 
information in the mapping of hg. Recently, Zeng 
(1994) described a methodology combining mteiAal 
mapping with multiple regression, which involves multi- 
ple QTL models to increase the QTL mapping accu- 
racy. Following the same objective, Janskn and Stam 
(1994) presented a similar approach, which eiitails 
multiple QTL models and the use of parental and Fi 
phenotypic data. Applying these approaches to /i^j- map- 
ping, an experiment would involve screening of the 
present F.^, population for more markers covering the 
rest of the chromosome 10 and other chromosomes 
and reanalyzing our datii set with the methodologies 
described above. This analysis may help to reduce the 
interfering effects of other (especially linked) QTLs, 
decrease the unexplained "noise", and potentially in- 
crease the precision of /i^ mapping. In addition, it may 
uncover other QTLs controlling postweaning gain and 
possible modifiers of hg. 

Future fine resolution mapping of hg\ Although us- 
ing a denser spacing of markers or employing multiple 
QTL model analysis in the present cross may improve 
the resolution of the hg map, it will not result in a 
subcentiMorgan map of tl:e region containing hg. The 
size and the nature of the cross ( intersub.specific) and 
the mapping methodology itself has its limitations for 
providing a very fine genetic map resolution of a QTL 
( MK:Hti-MORF. and Shaw 1988) . Ideally, one would prt>- 
ceed with genetic characterization t>f the region con- 
taining hg with the apprtKich used by SHRJMn~ON and 
RfiBtRTSON* (1988) in mapping of the linked bristle 
polygenes in DrnsophUa ineUmogastn'. This approach is 
based on an analysis of several congenic lines recombi- 
nant within a small targeted region to fine map QTL ( s ) 



in this region and to test for epistatic interactions be- 
tween tightly linked QTLs. Although fine mapping of 
hg using the approach of Shri.mi' ION and Robkrtscjn 
( 1988) is theoretically feasible in mice, it would not be 
practical. The development of several congenic lines 
carrying small genomic segments from the region con- 
taining A,^ would be a time consuming and costly pro- 
cess. 

The fine mapping of hg\\o\x\d be moi e feasible using 
crosses of congenic strains ( Paterso.n et al. i990;jACOii 
et al. 1991; Lvnder and Sc:uork 1994). A congenic 
strain CblEL / ^-hghg h already available, and could be 
crossed to C57BL/6J to produce a mapping popula- 
tion. Assuming that our congenic pair is genetically 
identical in regions unlinked to hg, then the genetic 
noise due to segregation of unlinked QTLs would be 
ehminated and a higher resolution genetic map of hg 
could be obtained. Fine mapping of would be based 
on recombinants in the interval containing (between 
f)lOMit9cind Den) and progeny tests of these recombi- 
nauLs. The ability to define small genetic intervals will 
depend in part on the density of available genetic mark- 
ers. The genetic divergence of the region containing 
hg'm this congenic pair appears to be high, because 10 
of 18 currently available microsatellite markers between 
DiOMit9 And D10Miil2 dvc polymorphic. New microsa- 
tellite markers are continually being produced in mice 
and will most likely provide additional markers in the 
region around hg. New markers in the targeted hg 
genomic region can also be developed using ap- 
proaches based on the random amplified polymorphic 
UNA (GIOVANNOM et al. 1991; Michelmore et al. 1991; 
HORVAT and Medr^vno 1994), the amplified fragment 
length polymorphism assay (M. Z/VBEAU, Keygene per- 
sonal communication), or representational diiference 
analysts ( LisiTSVM et al. 1994). 

Another important issue in future fine mapping of 
hg will be our ability lo unambiguously discriminate 
between the hghg ^^nd the non-/i^/i^ genotypes based on 
phenotype. Although the hg locus produces a major 
increase in the postweaning gain in homozygote indi- 
viduals, it is not possible to clearly separate all hghg ivom 
non-hghg mice in segregating populafions. This was evi- 
dent in several crosses involving high-growth mice and 
in backcrosses during the development of the HO line. 
Therefore, we can expect some overlap in the growth 
disiribuuon curves between hghg:ind non-hghg mice in 
our future fine mapping crosses involving congenic 
strains. To overcome diis problem, mapping using mice 
from extremes of the growth distribution curve and 
progeny testing of mice in the overlap of the growth 
distribution curves will be required. Alternatively, we 
can search for a trait resulting frotn the /reaction that 
will result in a clearer separation of hghg ^nd xwn-hghg 
mice. Recently, Si.MMERs; and Mel^ra.no ( 1994) found 
that HG nnce have a significantly higher number of 
muscle fibers in the soleus muscle compared with 



Mapping tlie hi^h growth Lotus 



1747 



C57BL/6]. If the high fiber numbcr/muscIc coscgre- 
gaies with hg and can clearly separate kg genotypes in 
crosses, thi.s trait may provide a valuable parameter in 
hiture high resolution genetic mapping of hg. 

Application of mapping hg: A denser map of genetic 
markers arotJnd the /ig locus and more accurate charac- 
terization of the high-growth phenotype should enable 
fine /ijtj- mapping in crosses of congenic strains. The aim 
of fine mapping is to narrow the hg candidate region 
to a small genomic segment suitable for physical niaf> 
ping and cloniiig of hg. (Zlonnig of hg will allow mo- 
lecular characterization of /ig product and promote fur- 
ther functional studies to examine the role of hg in the 
control of mammalian growth. Furthermore, knowl- 
edge of hgand/ or markers linked to hgwWi also permit 
studies of homologous regions in other species. For 
instance, the knowledge that Den is closely linked to hg 
may be applied to domestic animals. The cDNAs of 
Den have already been sequence characterized in catde 
(Dav ft ai 1987) and chickens (Ll et ai \m2) . There- 
fore, PCR-based markers in this gene can be developed 
in these and, potentially, also in related species, These 
markers can then be tested for associations with growth 
traits in domestic animals and may uncover a QTL witli 
positive effects on growth. Such markers could provide 
efficient tot)ls fi)r idcntih'ing animals with a high ge- 
netic potential for growth. 
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